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Description

[Technical Field]

[0001] The present invention relates to a method of
obtaining a recycled Al alloy from scrap and the like.

[Background Art]

[0002] With the recent rise in environmental aware-
ness and the like, various structural members and devic-
es are being reduced in weight, and the used amount of
aluminum alloy (simply referred to as "Al alloy") is in-
creasing. A large amount of energy is required for the
production (smelting) of new Al. In contrast, the energy
required for remelting scrap of Al alloy is very little. It is
thus desired to recycle scrap of Al alloy and use the re-
cycled Al alloy.
[0003] When Al alloy scrap is remelted, some elements
such as Fe, Si, Cu, Mg, and Zn are usually mixed in the
melt. To obtain the recycled Al alloy from scrap, unnec-
essary elements (impurity elements) or excess elements
have to be removed. Relevant descriptions of methods
for removing such elements are found in the following
documents.

[Prior Art Documents]

[Patent Documents]

[0004]

[Patent Document 1] US2464610B 
[Patent Document 2] US5741348B 
[Patent Document 3] JP2002-155322A 
[Patent Document 4] US4734127B 
[Patent Document 5] WO2013/168213 
[Patent Document 6] WO2013/168214 

[Non-Patent Documents]

[0005]

[Non-Patent Document 1] Furukawa Electric Re-
view, No. 104 (July 1999) 25-30
[Non-Patent Document 2] Metallurgical Transac-
tions 5 (1974) 785-787
[Non-Patent Document 3] Material Transactions,
JIM.38 (1997) 622-699

[0006] US 3 900 313 A discloses a process for produc-
ing die-casting alloys from aluminum scrap.
[0007] US 3 537 695 A discloses an apparatus for cen-
trifuging.
[0008] US 3 374 089 A also relates to centrifugal sep-
aration.

[Summary of Invention]

[Technical Problem]

(1) Intermetallic Compound Removal Method

[0009] Patent Documents 1 and 2 and Non-Patent
Documents relate to a method of removing transition met-
al elements such as Fe as an intermetallic compound
(also simply referred to as "IMC") from a melt. Specifi-
cally, Patent Document 1 discloses adding Cr, Mn, and
Co to an Al-(11.6-13.5)%Si-(0.8-9)%Fe alloy to crystal-
lize an Fe-based intermetallic compound to reduce the
amount of Fe in the melt. Patent Document 2 discloses
adding Mn to an
Al-(0-12)%Si-(0.49-2.1)%Fe-(0.37-1.91)%Mn alloy
(Cr<0.4%, Ti<0.41%, Zr<0.26%, Mo<0.01%) to reduce
the amount of Fe. However, when Si is 8% or less, 0.5%
or more of Fe remains in the melt even after the removal
of the intermetallic compound, and the removal efficiency
is low. Non-Patent Document 1 reports that Fe and Mn
cannot be simultaneously reduced to 0.3% or less from
an Al alloy melt (Fe<1.5%, Mn<1.5%, Si<10%, Cr<0.2%,
Mg<1%, Cu<1%, Ti<0.1%, Ni<1%, Zn<1%). Unless oth-
erwise stated, "%" as referred to in the present specifi-
cation means mass%.

(2) Segregation Solidification Method and Crystal Frac-
tionation Method

[0010] Patent Documents 3 to 6 and Non-Patent Doc-
uments 1 and 2 relate to a segregation solidification meth-
od or a crystal fractionation method that includes crys-
tallizing an Al phase from a melt to obtain a semi-solidified
melt and separating the Al crystallized substance from
the residual liquid phase to reduce impurities. In partic-
ular, Non-Patent Document 1 discloses pressurizing the
semi-solidified melt to remove the residual liquid phase.
Non-Patent Document 2 discloses stirring the semi-so-
lidified melt to spheroidize the Al crystallized substance
and separating it from the residual liquid phase. Such
methods require cooling the melt until the Al phase crys-
tallizes, and the energy loss is thus large.

(3) Semi-molten Refining Method

[0011] Non-Patent Document 3 relates to a semi-mol-
ten refining method that includes heating an Al alloy (sol-
id) to a semi-molten state to separate it into a liquid phase
and residual Al crystals and removing impurities exceed-
ing the solid solubility limit of the Al phase. Specifically,
Non-Patent Document 3 discloses pressurizing an Al-
8.39%Si-0.06%Mn-0.05%Mg alloy in a semi-molten
state to separate a liquid phase and obtaining an Al-
0.96%Si-1.14%Mn-1.56%Mg alloy from the residue. In
this method, it is difficult to remove Fe and Mn via an
intermetallic compound. Moreover, the amount of resid-
ual Al crystals in the semi-molten state depends on the
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temperature and, therefore, alloy compositions for which
this method can be used are limited.

(4) Zone Melting Method

[0012] Other methods than the above-described meth-
ods for removing impurities from an Al alloy include a
zone melting method that includes partially heating/melt-
ing an ingot from its one end side to collect impurities on
the other end side and enhancing the purity on the one
end side from which the heating was started.
[0013] The present invention has been made in view
of such circumstances and an object of the present in-
vention is to provide a recycling method for an aluminum
alloy capable of obtaining an Al alloy (melt) from which
Fe and/or Si are efficiently removed by a different method
than the conventional methods.

[Solution to Problem]

[0014] As a result of intensive studies to achieve the
above object, the present inventors have succeeded in
the removal (concentration reduction) of Si and Fe con-
tained in an Al alloy melt through melting scrap and the
like into the melt and adding Cu to the melt to put the
melt into a hypereutectic composition of Cu and Si (com-
position range in which Si phases crystallize from the
melt prior to α-Al phases when the melt is cooled). De-
veloping this achievement, the present inventors have
accomplished the present invention, which will be de-
scribed below.

«Recycling Method for Aluminum Alloy»

[0015]

(1) The present invention provides a recycling meth-
od for an aluminum alloy, comprising the features of
claim 1. Further developments of the invention are
recited in the dependent claims.
(2) According to the recycling method for an alumi-
num alloy (simply referred to as a "recycling method")
of the present invention, the crystallized Si and the
crystallized iron compound (simply referred to as an
"Fe compound") can readily be removed from the
first melt obtained by melting the Al alloy raw mate-
rial, and the recycled Al alloy can be efficiently ob-
tained with sufficiently reduced concentrations of the
crystallized Si and the crystallized Fe compound.
Moreover, the recycled Al alloy is obtainedy in a liq-
uid-phase state (i.e., a melt state) rather than in a
solid-phase state and can therefore be shipped or
reused (such as casted) as a recycled bare metal
without any processing such as remelting.

«Others»

[0016] Unless otherwise stated, a numerical range "x

to y" as referred to in the present specification includes
the lower limit x and the upper limit y. Any numerical value
included in various numerical values or numerical ranges
described in the present specification may be selected
or extracted as a new lower or upper limit, and any nu-
merical range such as "a to b" can thereby be newly pro-
vided using such a new lower or upper limit.

[Brief Description of Drawings]

[0017]

FIG. 1 is a graph illustrating the relationship between
a melt temperature or an Fe concentration in a liquid
phase and a solid phase ratio.
FIG. 2 is a ternary phase diagram of Al-Si-Cu.
FIG. 3 is a graph illustrating the relationship between
an initial Mn concentration and a reduced critical Fe
concentration.
FIG. 4 is a set of SEM images of metallographic
structures according to respective samples.

[Embodiments for Carrying out the Invention]

[0018] One or more features freely selected from the
present specification can be added to the above-de-
scribed features of the present invention. In the content
described in the present specification, methodological
features can even be features regarding a product (such
as a recycled Al alloy or a recycled Al alloy member).

«Principle of Fe and Si Removal»

[0019] The principle of Fe and Si removal by the recy-
cling method of the present invention will be described
with reference to FIGS. 1 to 3. FIGS. 1 to 3 illustrate the
results of calculation using analysis software ("Thermo-
Calc" available from Thermo-Calc Software AB). FIGS.
1 and 3 are based on the Scheil calculation and FIG. 2
is based on the equilibrium calculation.

(1) Fe Removal

[0020] For an Al-12%Si-1%Fe-3%Cu alloy melt (sim-
ply referred to as "3%Cu melt") and an Al-12%Si-1%Fe-
10%Cu alloy melt (simply referred to as "10%Cu melt"),
FIG. 1 illustrates the relationship between a melt temper-
ature or an Fe concentration in a liquid phase and a solid
phase ratio.
[0021] As apparent from FIG. 1, in the case of the
3%Cu melt, the melting point of an Fe compound (inter-
metallic compound) is low, and the Fe concentration after
the removal remains at 0.681%. On the other hand, in
the case of the 10%Cu melt, the melting point of an Fe
compound is high, and the crystallization temperature of
an Al phase (a-Al) is low. For this reason, the Fe concen-
tration in a (second) melt after the removal of an unmelted
solid such as an Fe compound or iron scrap can be sig-
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nificantly reduced to 0.302%. The Fe compound has a
larger specific gravity than that of the melt and therefore
settles out to a lower layer region of the melt, and the Fe
compound and the melt can readily be separated. Thus,
according to the present invention, Fe as an impurity can
be efficiently removed as the Fe compound. Moreover,
even when the unmelted solid such as iron scrap comes
into contact with the melt, Fe cannot be melted in the
melt. An Al alloy melt (second melt) can therefore be
obtained with a sufficiently reduced Fe concentration.
[0022] The Fe compound as referred to in the present
specification is not limited in its composition and form,
provided that the Fe compound is a compound that con-
tains Fe (e.g., an intermetallic compound that contains
Fe). Representative Fe compounds include, for example,
Al9Fe2Si2 and Al5FeSi.

(2) Si removal

[0023] FIG. 2 illustrates a partially enlarged Al-Si-Cu
ternary phase diagram (liquid phase surface). Isothermal
lines in FIG. 2 indicate the temperature at which a Si
phase or an α-Al phase crystallizes as the primary crystal.
In the composition on the α-Al+Si eutectic line, the α-Al
phase and the Si phase simultaneously crystallize. As
apparent from FIG. 2, it is found that when the Cu con-
centration is changed from 3% to 10% in a 12%Si alloy
melt, for example, Si preferentially crystallizes prior to
the α-Al phase. The crystallized Si has a lower specific
gravity than that of the melt and therefore floats in an
upper layer region of the melt and can readily be sepa-
rated. Thus, according to the present invention, excess
Si can be efficiently removed, and the Al alloy melt (sec-
ond melt) can be obtained with a reduced Si concentra-
tion.

(3) Mn concentration

[0024] For Al-12%Si-1%Fe-(0-5)%Mn-(3-15)%Cu al-
loy melts having different initial Mn concentrations and
Cu concentrations, FIG. 3 illustrates the relationship be-
tween the Mn concentration and the critical concentration
of Fe that can be melted in the melt (simply referred to
as a "critical Fe concentration" or an "Fe concentration).
As apparent from FIG. 3, it is found that as the Mn con-
centration increases, the critical Fe concentration (so-
called solubility limit) decreases and the Fe concentration
in the melt can be reduced.
[0025] Moreover, as the Cu concentration increases,
the critical Fe concentration significantly decreases. It is
thus found that the Fe concentration in the melt can be
further reduced by adding Mn to the melt in addition to
Cu. In consideration of this, the Mn concentration in the
first melt is preferably set to, for example, 1% or more in
an embodiment or 2% or more in another embodiment.
In the invention, the Cu concentration in the first melt is
set to 4% or more. Preferably, the Cu concentration is
7% or more.

«Preparation Step»

[0026] (1) At least part of an Al alloy raw material is
melted to prepare a first melt having desired concentra-
tions of Cu and Si. In this preparation, after analyzing the
melt component of the melted Al alloy raw material, at
least an appropriate amount of a Cu source raw material
(e.g., pure Cu, a Cu alloy, or a Cu compound) may be
added to the melt to adjust the composition of the first
melt. The melting temperature (first melt temperature)
may be a temperature at which the raw material as a
whole is melted, but when Al alloy scrap is used, the
melting temperature may be a temperature at which iron
scrap or the like remains unmelted so as to be readily
separated. For example, the melting temperature may
be set to about 540°C to 750°C in an embodiment or
about 580°C to 610°C in another embodiment.
[0027] In the preparation step, it is necessary that the
first melt is finally obtained to have a hypereutectic com-
position of Cu and Si. The "hypereutectic composition"
as referred to in the present specification falls within a
composition range in which the Si phase crystallizes prior
to the α-Al phase when the melt is cooled. In FIG. 2, the
Si crystallization region corresponds to the hypereutectic
composition. The hypereutectic composition is ex-
pressed by a formula ([Cu]≥-0.15[Si]2-1.11[Si]+37.7).
The α-Al crystallization region in the figure refers to a
composition range in which the α-Al phase crystallizes
prior to the Si phase, which is called a "hypoeutectic com-
position."
[0028] (2) It is preferred to mainly use Al alloy scrap
as the Al alloy raw material. The Al alloy raw material
may be a cast material or may also be a wrought material.
In the recycling method of the present invention, howev-
er, the Al alloy melt (second melt) which contains Si within
a desired range is extracted from the first melt having a
hypereutectic composition of Si. Usually, therefore, scrap
of an Al alloy cast material that contains a large amount
of Si is preferred as the Al alloy raw material. The Al alloy
cast material may be any of cast materials such as those
obtained by die casting, gravity casting, and lowpressure
casting. In an embodiment, the Al alloy raw material may
be combined with a member or the like composed of a
metal other than an Al alloy (e.g., a steel material).

«Holding Step»

[0029] The first melt obtained in the preparation step
is held at a temperature at which Si and an Fe compound
crystallize and the solid phase and the remaining liquid
phase can be separated. In this operation, if the first melt
is cooled to a temperature at which α-Al crystallizes, it
becomes difficult to efficiently separate the crystallized
Si and the crystallized Fe compound. The first melt may
therefore be held at a temperature (separation temper-
ature) within a temperature range in which Al does not
crystallize but Si and an Fe compound crystallize. The
separation temperature can be adjusted in accordance
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with the alloy composition of the first melt and is prefer-
ably set to, for example, (crystallization start temperature
of α-Al)+(5°C to 30°C in an embodiment or 10°C to 20°C
in another embodiment). More specifically, the separa-
tion temperature may be adjusted within a range of, for
example, 540°C to 570°C in an embodiment or 550°C to
560°C in another embodiment.
[0030] The holding step is preferably a slow cooling
step in order to promote crystallization of Si and an Fe
compound and their grain growth. For example, the slow
cooling is preferably performed at a cooling rate of
0.1°C/min to 2°C/min in an embodiment or 0.5°C/min to
1°C/min in another embodiment. The cooling rate as re-
ferred to herein is an average value obtained by dividing
the temperature difference by the required time from the
start of the holding step to the start of the subsequent
extraction step. In an embodiment, a holding time may
be provided at a temperature within a temperature range
from the initial temperature of the first melt to the sepa-
ration temperature to promote the crystallization of Si and
an Fe compound and to coarsen the Si and the Fe com-
pound. The holding step in this case is a slow cooling
step in which the cooling rate is more reduced in accord-
ance with the holding time.

«Extraction Step»

[0031] By removing at least part of the Si and Fe com-
pound crystallized from the first melt, the second melt
can be obtained with reduced concentrations of Si and
Fe. Extraction of the second melt can also be performed
by removing the Si and Fe compound as solid phases
from a crucible filled with the melt using a filter or the like.
Here, the crystallized Si (solid phase Si) having a specific
gravity smaller than that of the melt tends to float in the
melt upper layer while the Fe compound having a specific
gravity larger than that of the melt tends to settle out to
the melt lower layer. Extraction of the second melt may
therefore be performed by taking out only the melt having
reduced concentrations of Si and Fe from the middle
(middle layer region) of the crucible filled with the melt.
In any case, this step of extracting the second melt in the
liquid phase may be performed at a temperature within
a temperature range similar to that of the separation tem-
perature. The extraction step may preferably include re-
moving a residual solid that was not melted in the prep-
aration step (e.g., iron scrap and the like contained in
part of the Al alloy raw material).
[0032] The extracted second melt is preferably used
in a casting step or the like without being solidified. The
second melt may be further refined before casting and/or
adjusted to a desired component by adding pure Al (virgin
ingot) and/or an alloy source (a component adjustment
step). As will be understood, the second melt may also
be once solidified and then supplied as a recycled ingot
to be the raw material of a cast material or a wrought
material.

[Examples]

[0033] On the assumption of the first melt as referred
to in the present invention, an Al alloy melt containing Si,
Fe, and Cu was prepared. Metallographic structure ob-
servation and component measurement were performed
using a sample obtained by solidifying the melt extracted
from each layer region. The present invention will be de-
scribed in more detail with reference to such specific ex-
amples.

«Production of Samples»

(1) Preparation Step

[0034] Raw materials were put in a graphite crucible
(height 158 mm3upper diameter 120 mm3bottom diam-
eter 80 mm, upper thickness 11 mm) and heated to 700°C
to melt. The raw materials were compounded such that
the alloy composition of the melt would be Al-12%Si-
1%Fe-10%Cu. Thus, an initial melt (first melt) of about
1.5 kg was prepared.
[0035] Part of the initial melt was poured into a mold
for analysis (ϕ40 mm330 mm) and placed to be cooled
and naturally solidified in a room. Sample 0 for initial melt
analysis was thus obtained.

(2) Holding Step

[0036] The initial melt was cooled in a furnace to 560°C
(crystallization start temperature of α-Al plus 5°C) for 90
minutes. From the melt after cooling, the melt in each
region of the upper layer part, middle layer part, and lower
layer part was extracted and solidified as follows.
[0037] The upper layer part (surface layer portion hav-
ing a thickness of about 10 mm) of the melt was collected
with a spoon and naturally solidified in a mold for analysis
(ϕ40 mm3 30mm). Sample 1 for upper layer part analysis
was thus obtained.
[0038] The melt after removing the upper layer part
was poured into a test material production mold (about
30 mm340 mm3200 mm) for sampling a mold test piece
as described in JIS H5202: 2010 and naturally solidified.
Sample 2 for middle layer part analysis was thus ob-
tained.
[0039] The solidified part remaining at the bottom of
the crucible after pouring the melt of the middle layer part
was cooled in the room with the crucible and solidified.
Sample 3 for lower layer part analysis was thus obtained.

«Analysis of Samples»

[0040] The cross section of each sample was observed
for its structure with a scanning electron microscope
(SEM), and the Si concentration and the Fe concentration
were analyzed with ICP emission spectrometry. The re-
sults are listed together in FIG. 4. The observation and
analysis of Samples 0 to 2 were performed on the center
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part (ϕ20 mm) of the horizontal cross section at the po-
sition of a height of 10 mm from the sample bottom sur-
face. The observation and analysis of Sample 3 were
performed on the center part (ϕ20 mm) of the horizontal
cross section at the position of a height of 5 mm from the
sample bottom surface.

«Evaluation»

[0041] As apparent from FIG. 4, it is found that the Si
concentration (composition) is higher and a larger
amount of Si crystallizes in Sample 1 of the upper layer
part than in Sample 0 of the initial state. In Sample 3 of
the lower layer part, it is found that a large amount of an
Fe compound crystallizes and the Fe concentration
(composition) is high. In Sample 2, which is the middle
between them, it is found that there is almost no crystal-
lization of Si and a Fe compound and the Si concentration
and the Fe concentration are significantly reduced. Spe-
cifically, in the middle layer part, the Si concentration is
reduced from 13.3% (initial) to 9.8% and the Fe concen-
tration is reduced from 1.4% (initial) to 0.76%.
[0042] From the above, it has been confirmed that ac-
cording to the recycling method of the present invention,
a recycled Al alloy (melt) having a sufficiently reduced Si
concentration and a sufficiently reduced Fe concentra-
tion can be obtained from an Al alloy raw material such
as scrap.

Claims

1. A recycling method for an aluminum alloy, compris-
ing:

a preparation step of melting at least part of an
Al alloy raw material to prepare a first melt having
a hypereutectic composition of Cu and Si, as
expressed by a formula [Cu]≥-0.15[Si]2-1.11[Si]
+37.7;
a holding step of holding the first melt at a sep-
aration temperature at which Si and an Fe com-
pound crystallize; and
an extraction step of extracting a second melt
obtained by removing at least part of the Si and
Fe compound crystallized from the first melt,
wherein the first melt contains 4 mass% or more
of Cu with respect to the first melt as a whole.

2. The recycling method for an aluminum alloy accord-
ing to claim 1, wherein the first melt contains 1
mass% or more of Mn with respect to the first melt
as a whole.

3. The recycling method for an aluminum alloy accord-
ing to any one of claims 1 to 2, wherein the first melt
contains 11 mass% or more of Si with respect to the
first melt as a whole.

4. The recycling method for an aluminum alloy accord-
ing to any one of claims 1 to 3, wherein the Al alloy
raw material contains scrap of an Al alloy cast ma-
terial.

5. The recycling method for an aluminum alloy accord-
ing to any one of claims 1 to 4, wherein the holding
step includes cooling at a cooling rate of 0.1°C/min
to 2°C/min.

Patentansprüche

1. Recyclingverfahren für eine Aluminiumlegierung,
mit:

einem Vorbereitungsschritt zum Schmelzen
mindestens eines Teils eines Aluminiumlegie-
rungsrohmaterials zum Bereitstellen einer ers-
ten Schmelze mit einer übereutektischen Zu-
sammensetzung aus Cu und Si, ausgedrückt
durch eine Formel [Cu]≥-0.15[Si]2-1.11[Si]
+37.7;
einem Halteschritt zum Halten der ersten
Schmelze bei einer Trenntemperatur, bei der Si
und eine Fe-Verbindung kristallisieren; und
einem Extraktionsschritt zum Extrahieren einer
zweiten Schmelze, die durch Entfernen mindes-
tens eines Teils des Si und der Fe-Verbindung,
die aus der ersten Schmelze auskristallisiert
sind, erhalten wird,
bei dem die erste Schmelze 4 Massen-% oder
mehr an Cu in Bezug auf die erste Schmelze als
Ganzes enthält.

2. Recyclingverfahren für eine Aluminiumlegierung
nach Anspruch 1, bei dem die erste Schmelze 1 Mas-
sen-% oder mehr an Mn in Bezug auf die erste
Schmelze als Ganzes enthält.

3. Recyclingverfahren für eine Aluminiumlegierung
nach einem der Ansprüche 1 bis 2, bei dem die erste
Schmelze 11 Massen-% oder mehr an Si in Bezug
auf die erste Schmelze als Ganzes enthält.

4. Recyclingverfahren für eine Aluminiumlegierung
nach einem der Ansprüche 1 bis 3, bei dem das Alu-
miniumlegierungsrohmaterial Reste eines Alumini-
umlegierungsgussmaterials enthält.

5. Recyclingverfahren für eine Aluminiumlegierung
nach einem der Ansprüche 1 bis 4, bei dem der Hal-
teschritt Kühlen mit einer Kühlrate von 0,1° C/min
bis 2° C/min. beinhaltet.

9 10 
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Revendications

1. Procédé de recyclage d’un alliage d’aluminium,
comprenant :

une étape de préparation consistant à faire fon-
dre au moins une partie d’une matière première
d’alliage Al pour préparer un premier métal li-
quide ayant une composition hypereutectique
de Cu et Si, telle qu’exprimée par une formule
[Cu]≥-0,15[Si]2-1,11[Si]+37,7;
une étape de maintien consistant à maintenir le
premier métal liquide à une température de sé-
paration à laquelle Si et un composé de Fe
cristallisent ; et
une étape d’extraction consistant à extraire une
seconde masse fondue obtenue en éliminant au
moins une partie du composé Si et Fe cristallisé
à partir du premier métal liquide,
dans lequel le premier métal liquide contient 4
% en masse ou plus de Cu par rapport au pre-
mier métal liquide dans son ensemble.

2. Procédé de recyclage d’un alliage d’aluminium selon
la revendication 1,
dans lequel le premier métal liquide contient 1 % en
masse ou plus de Mn par rapport au premier métal
liquide dans son ensemble.

3. Procédé de recyclage d’un alliage d’aluminium selon
l’une quelconque des revendications 1 à 2, dans le-
quel le premier métal liquide contient 11 % en masse
ou plus de Si par rapport au premier métal liquide
dans son ensemble.

4. Procédé de recyclage d’un alliage d’aluminium selon
l’une quelconque des revendications 1 à 3, dans le-
quel la matière première d’alliage Al contient des dé-
chets d’un matériau coulé d’alliage Al.

5. Procédé de recyclage d’un alliage d’aluminium selon
l’une quelconque des revendications 1 à 4, dans le-
quel l’étape de maintien comprend un refroidisse-
ment à une vitesse de refroidissement de 0,1 °C/min
à 2 °C/min.
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